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experimental flow conditions corresponded to the transition and 
skimming flow regimes [2],[5]. A dual-tip phase detection probe 
(Ø = 0.25 mm) was positioned at a fixed point while the 
streamwise air-water interfaces were recorded at 20 kHz for 45 s 
at least three step edges downstream of the inception point of 
free-surface aeration (Figure 2). 
A typical raw signal output is illustrated in Figure 3 within the 
intermediate flow region for C ≈ 0.5, where C is the time-
averaged void fraction. The raw signal was analysed with a single 
threshold technique using the distinctive peaks of the bimodal 
distribution of the raw voltage signals [1]. The threshold was set 
at 50% of the difference in the two voltage peaks at every 
location allowing the identification of the time that the probe tip 
spent in air and in water. The resulting instantaneous void 
fraction time series were used to calculate the time-averaged void 
fraction C, the bubble count rate F, the air bubble and water 
droplet chord times, and the streamwise inter-particle arrival 
time. The bubble frequency F was defined as the number of 
water-to-air interfaces per unit time. The air bubble and water 
droplet chord times characterised the time between the changes 
of instantaneous void fractions representing characteristic 
streamwise air/water sizes [5]. The inter-particle arrival time 
provided information about the randomness of the travelling 
particles with chord sizes for which a similar behaviour may be 
expected [3],[6]. Further investigations were based upon the 
spectral analyses of the instantaneous void fraction signals. 
 
Figure 3. Raw Voltage signal of a phase detection conductivity probe (Ø 
= 0.25 mm): dc/h = 1.28; qw = 0.143 m2/s; Re = 5.7×105 
 
Characterisation of air-water flows with C = 50% 
Air bubble and water droplet chord times 
The probability distribution functions of air and water chord 
times are illustrated in Figure 4 for measurement locations with C 
= 0.50 (+/- 0.01). Significant differences were observed 
depending upon the step heights, while the characteristic bubble 
count rate F50 for C  0.50 presented several trends. Herein the 
chord time distributions were grouped into characteristic groups 
summarising the chord times for the stepped spillway with h = 
0.05 m in Figures 4A as function of the characteristic bubble 
count rate F50, and for steps with h = 0.10 m (Figure 4B). 
For all data, differences between air and water chord time 
distributions were observed with a larger amount of smaller air 
chord times of about 0-1 ms. The numbers of water chords were 
proportionally slightly larger for chord times between 2 to 6 ms 
(Figure 4). The differences between PDF distributions of air 
bubble and water droplet chord times indicated differences in 
chord times for positions with identical number of detected 
particles. Toombes and Chanson [12] used surface wave 
modelling to show the effects of surface waves upon the air 
bubble chord sizes. The present differences between air and 
water chord times might partly be linked to some periodic 
variation of the pseudo-free-surface, affecting the distribution of 
air-water interfaces in the intermediate flow region. 
The present findings suggested some relationship between the 
characteristic bubble count rate F50 and the mode tchmode of chord 
time PDF distributions. For all data, the relationship between F50 
and tchmode is illustrated in Figure 5. The observations indicated a 
monotonic decrease in chord time mode with increasing bubble 
count rate (Figure 5). A rough estimate of the relationship was 





                          (1) 
Note that the number of data was limited and the inclusion of 
further data sets with 50% void fraction might provide more 
details about the relationship. 
 
(A) Chord times for 150 Hz < F50 
< 200 Hz; h = 0.05 .cm 
 
(B) Chord times for 170 Hz < F50 < 
200 Hz; h = 0.10 m 
Figure 4. Probability distribution functions of air and water chord times 
for void fractions of C = 50% (+/- 0.01) 
 
 
Figure 5. Dimensionless relationship between mode of the chord time 
PDF and bubble count rate F50 with C = 0.50 (+/- 0.01); Comparison with 
equation (1) 
 
Inter-particle arrival times 
The inter-particle arrival time is defined as the time between the 
arrival of two consecutive 'bubbles' or 'droplets' recorded by a 
probe sensor fixed in space. The distribution of inter-particle 
arrival times provides some information on the randomness of the 
two-phase structure. Ideally, random dispersed flows are driven 
by a superposition of Poisson processes of particle sizes [6], and 
any deviation from a Poisson process indicates some 
unsteadiness and particle clustering [4]. The inter-particle arrival 
times were herein analysed for five different chord time classes. 
Typical results are shown in Figure 6 for two different chord time 
classes and for air and water entities. Little differences in inter-
particle arrival time PDFs were observed between air and water 
chord time distributions for most chord time classes. Differences 

















































Air bubble; dc/h=1.14, Step 15: C=0.497; F50=173 Hz
Water droplet; dc/h=1.14, Step 15: C=0.497; F50=173 Hz
Air bubble; dc/h=1.14, Step 17: C=0.507; F50=200 Hz
Water droplet; dc/h=1.14, Step 17: C=0.507; F50=200 Hz
Air bubble; dc/h=1.66, Step 17: C=0.508; F50=156 Hz
Water droplet; dc/h=1.66, Step 17: C=0.508; F50=156 Hz
Air bubble; dc/h=1.66, Step 18: C=0.492; F50=155 Hz





















Air bubble; dc/h=0.69, Step 7: C=0.492; F50=192 Hz
Water droplet; dc/h=0.69, Step 7: C=0.492; F50=192 Hz
Air bubble; dc/h=1.11, Step 9: ; C=0.502; F50=191 Hz
Water droplet; dc/h=1.11, Step 9: C=0.502; F50=191 Hz
Air bubble; dc/h=1.28, Step 10: C=0.491; F50=172 Hz
Water droplet; dc/h=1.28, Step 10: C=0.491; F50=172 Hz
Air bubble; dc/h=1.28, Step 10: C=0.493; F50=172 Hz
























Air bubble chord times: h = 10 cm
Air bubble chord times: h = 5 cm
Water droplet chord times: h = 10 cm
Water droplet chord times: h = 5 cm
Best fit: Power law correlation (Eq. 1)
6B), showing a larger number of smaller inter-particle arrival 
times for the water droplet chord times. These differences were 
associated with different numbers of 'bubbles' and 'droplets' 
within this chord time class and the number of air chords was 
about 40-60% of the number of water chords. No such difference 
was observed for all other chord time classes. The finding was 
observed for all data in transition and skimming flows 
independently of step heights. The shapes of the inter-particle 
arrival time distributions were affected by the number of particles 
in a chord time class. A larger number of particles resulted in a 
proportionally larger number of smaller inter-particle arrival 
times. 
The reason for the differences for the chord time class 3-5 ms 
remains not known, although it is in agreement with the 
observations of a comparatively larger number of droplets with 
chord times of 2-6 ms (Figure 4). The observations of the inter-
particle arrival time distributions for similar chord times were 
consistent with these findings. 
 
(A) Chord time class 0.5-1.5 ms 
 
(B) Chord time class 3.0-5.0 ms 
Figure 6. Inter-particle arrival times for characteristic air bubble and 
water droplet chord time classes. Data for C = 0.50 (+/- 0.01) 
 
Spectral analyses of instantaneous void fractions 
Spectral analyses were conducted on the instantaneous void 
fraction signals to identify characteristic frequencies associated 
with the air-water flows for C = 0.50 +/- 0.01. For each data set, 
the FFT analysis was conducted for 13 non-overlapping intervals 
of 65,536 (= 216) points and the curves were averaged (Figure 7). 
Further sensitivity analyses were conducted using a number of 
filters and smoothing techniques. Little effects on the 
characteristic frequencies were observed and the ensemble 
averaging was suitable (Figure 7).  
Figure 7 illustrates a typical power spectrum density function of 
the instantaneous void fractions for a data set with C = 0.50 +/- 
0.01. In Figure 7, the black curve is the ensemble averaged data. 
All curves showed a range of characteristic frequencies between 
0.9 and 100 Hz with various peak levels within this frequency 
range (Figure 7). The results differed substantially to 
observations in the bubbly flow region [9]. For all data, the 
dominant characteristic frequencies and the corresponding PSD 
were recorded. The characteristic frequencies are summarised in 
Figure 8 as functions of the corresponding power spectrum 
density (PSD) maxima. The results showed a consistent trend for 
all data sets, illustrated by the median curve (Figure 8). A 
distinctive frequency of about 9-10 Hz was found in the 
intermediate region with C = 0.50 (+/- 0.01). Similar specific 
frequencies were observed in probability distribution functions of 
the PSD values with bin sizes of 1 Hz and 3 Hz respectively (not 
illustrated herein). 
The present observation was significant since the characteristic 
frequencies observed in the PSDs identified a range of dominant 
time scales of the interactions within the intermediate flow region 
for C = 0.50 (+/- 0.01). The present findings showed a wide range 
of characteristic frequencies within a range of 2 to 100 Hz, with a 
distinctive frequency for about 9-10 Hz. That is, the interactions 
between the air-water interfaces were most energetic with 
relatively slow fluctuating processes of about 0.1 s time scale. 
With increasing frequency, and decreasing time scale, the PSD 
function maxima decreased monotonically (Figure 8) indicating a 
smaller contribution of the fast fluctuating interactions on the air-
water interfaces. The PSD density function for frequencies 
smaller about 10 Hz showed a decrease in PSD maxima with 
decreasing frequency. 
Overall, the air-water interactions in the intermediate flow region 
were mostly characterised by relatively slow fluctuating 
processes, rather than very fast, rapid interactions between air 
bubbles and water droplets. The present findings showed a first 
insight into the complex air-water interactions in the intermediate 
flow region, especially for 50% void fraction. The most energetic 
time scales were comparatively slow. 
 
Figure 7. Spectral analysis of the instantaneous void fraction signal for 
void fractions of C = 0.50 (+/- 0.01) 
  
Figure 8. Summary of characteristic frequencies and corresponding 
power spectrum densities (PSDs) of the instantaneous void fraction 
signals for void fractions of C = 0.050 (+/- 0.01) 
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Chord time: 0.5 - 1.5 ms
h=0.1 m, dc/h=1.11, Step 9: C=0.502; F50=191 Hz; 2740 bubbles
h=0.1 m, dc/h=1.11, Step 9: C=0.502; F50=191 Hz; 2424 droplets
h=0.05 m, dc/h=1.14, Step 15:  C=0.497; F50=173 Hz; 2693 bubbles
h=0.05 m, dc/h=1.14, Step 15: C=0.497; F50=173 Hz; 2353 droplets
Inter-particle arrival time [ms]
PD
F



















Chord time: 3.0 - 5.0 ms
h=0.1 m, dc/h=1.28, Step 10: C=0.491; F50=172 Hz; 821 bubbles
h=0.1 m, dc/h=1.28, Step 10: C=0.491; F50=172 Hz; 1289 droplets
h=0.05 m, dc/h=1.66, Step 18: C=0.492; F50=155 Hz; 648 bubbles




































13 curves (65,536 data points each) of FFT of instantaneous void fraction

































0.07 h=0.1 m; dc/h=0.69; step 7: C=0.492;  F50=192 Hz
h=0.1 m; dc/h=0.69; step 8: C=0.499;  F50=228 Hz
h=0.1 m; dc/h=1.11; step 9: C=0.502;  F50=191 Hz
h=0.1 m; dc/h=1.28; step 10: C=0.491;  F50=172 Hz
h=0.1 m; dc/h=1.33; step 10: C=0.493;  F50=172 Hz
h=0.05 m; dc/h=0.7; step 10: C=0.497; F50=128 Hz
h=0.05 m; dc/h=0.7; step 13: C=0.502;  F50=138 Hz
h=0.05 m; dc/h=0.7; step 15: C=0.502;  F50=145 Hz
h=0.05 m; dc/h=0.7; step 16: C=0.505;  F50=146 Hz
h=0.05 m; dc/h=0.7; step 18: C=0.498;  F50=129 Hz
h=0.05 m; dc/h=1.14; step 15: C=0.497;  F50=173 Hz
h=0.05 m; dc/h=1.14; step 17: C=0.507;  F50=200 Hz
h=0.05 m; dc/h=1.66; step 11: C=0.495;  F50=106 Hz
h=0.05 m; dc/h=1.66; step 17: C=0.508;  F50=156 Hz
h=0.05 m; dc/h=1.66; step 18: C=0.492;  F50=155 Hz
h=0.05 m; dc/h=2.22; step 17: C=0.492;  F50=124 Hz
h=0.05 m; dc/h=2.3; step 18: C=0.51;  F50=127 Hz
h=0.05 m; dc/h=2.3; step 19: C=0.507;  F50=136 Hz
Median of all curves
Discussion 
The analysis of instantaneous void fraction data with C = 0.50 
(+/- 0.01) provided a number of characteristic air-water time 
scales which might be relevant for the interactions between air-
water interfaces. Table 1 summarises these characteristic time 
scales (upper half), while further time scales observed on the 
same stepped spillway models are listed. The chord times of 3-5 
ms might represent a characteristic time scale associated with the 
interaction of air and water entities in the intermediate flow 
region. Such chord time scales were of similar magnitude as the 
auto- and cross-correlation time scales and integral turbulent time 
scales observed in the intermediate flow region [7]. 
The spectral analyses of instantaneous void fractions identified a 
range of characteristic frequencies between 2 and 100 Hz, 
independently of the flow regime and of the step heights, for C = 
0.50 (+/- 0.01). Frequencies of 10 Hz were the most energetic 
frequencies, corresponding to a time scale of 0.1 s. This time 
scale was two orders of magnitude larger than the characteristic 
integral turbulent time scales within the intermediate flow region. 
In other words, the characteristic time scale of instantaneous void 
fraction signal was possibly linked to large scale free-surface 
fluctuations rather than to the air-water interactions on a sub-
millimetric level. Free-surface measurements with acoustic 
displacement meters in the aerated flow region identified free-
surface auto-correlation time scales of a similar order of 
magnitude [8]. It is believed that this agreement confirmed the 
effect of free-surface movements upon the air-water flow 
properties as reported previously [12], [13]. 
In contrast, cavity ejection frequencies of about 0.2-1 Hz were 
found on a stepped spillway with θ = 26.6° [10]. They differed 
from the characteristic frequencies in the intermediate flow 
region which indicated that the cavity ejection processes did not 






3–5 Differences in inter-particle arrival times for air 
bubble and water droplets (C ≈ 0.50) 
100 Time scale based upon FFT analysis of 
instantaneous void fraction (C ≈ 0.50) 
3–4 Maximum integral turbulent time scale in a 
cross-section for 0.3 < C < 0.7 [7] 
4–5 Maximum auto- and cross-correlation time 
scales in a cross-section for 0.3 < C < 0.7 [7] 
50–200 Free-surface auto-correlation time scales in air-
water flows (C > 0.7) [8] 
1000–5000 Time scales of characteristic cavity ejection 
frequencies (C < 0.3) [10] 
 
Table 1. Summary of characteristic time scales in the intermediate flow 
region (C = 0.50 (+/- 0.01)). Air-water flow measurements on flat stepped 
spillways with θ = 26.6° 
 
Conclusion 
Air-water flow experiments were conducted in high-velocity 
free-surface flows on a stepped spillway, with a focus on the 
detailed air-water interactions in the flow region with same 
amount of air and water phases: i.e., C = 0.50 (+/- 0.01). Several 
processing techniques of the instantaneous void fraction signal 
provided estimates of characteristic time scales. Particle chord 
times of 3-5 ms might represent a characteristic time scale 
associated with the interaction between air-water and water-air 
interfaces in the intermediate flow region, and such time scales 
were of similar magnitude to the integral turbulent time scales. A 
distinctive frequency of about 10 Hz was identified using spectral 
analyses of the instantaneous void fraction signals. The 
corresponding time scale of 0.1 s appeared to be linked with large 
scale free-surface fluctuations. Such a magnitude was similar to 
free-surface auto-correlation time scales indicating that the air-
water flow structure might be affected by free-surface waves. 
Altogether, the air-water flow processes within the intermediate 
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